Polarized membrane trafficking during plant cytokinesis and cell expansion are critical for plant morphogenesis, yet very little is known about the molecular mechanisms that guide this process. Dynamin and dynamin-related proteins are large GTP binding proteins that are involved in membrane trafficking. Here, we show that two functionally redundant members of the Arabidopsis dynamin-related protein family, ADL1A and ADL1E, are essential for polar cell expansion and cell plate biogenesis. adl1A-2 adl1E-1 double mutants show defects in cell plate assembly, cell wall formation, and plasma membrane recycling. Using a functional green fluorescent protein fusion protein, we show that the distribution of ADL1A is dynamic and that the protein is localized asymmetrically to the plasma membrane of newly formed and mature root cells. We propose that ADL1-mediated membrane recycling is essential for plasma membrane formation and maintenance in plants.
INTRODUCTION
Dynamin and dynamin-related proteins constitute a structurally related but functionally diverse family of large GTP binding proteins (for review, see van der Bliek, 1999; McNiven et al., 2000) that share a conserved N-terminal GTPase domain and a C-terminal GTPase effector domain. A wide range of cellular processes involve dynamin and dynamin-related proteins. Dynamin has been shown to constrict membranes and to facilitate the release of vesicles from the plasma membrane (PM) and the Golgi apparatus. In addition, dynamins and dynamin-related proteins function at other stages of the secretory pathway (reviewed by van der Bliek, 1999; McNiven et al., 2000) , in actin cytoskeletal dynamics (Ochoa et al., 2000; Lee and De Camilli, 2002; Orth et al., 2002) , and in the maintenance of mitochondrial and peroxisome morphology and inheritance (Otsuga et al., 1998; Smirnova et al., 1998; Hoepfner et al., 2001) .
Three dynamin-related protein subfamilies have been identified in Arabidopsis. One of these, which consists of the Arabidopsis Dynamin-Like Protein6 (ADL6) gene product, is highly related to mammalian dynamin I and has been shown to be required for trans -Golgi-to-vacuole trafficking (Jin et al., 2001) . Two other Arabidopsis dynamin subfamilies, ADL1 and ADL2, appear to be unique to plants (van der Bliek, 1999) . These dynamin-related proteins lack the pleckstrin and Pro-rich domains characteristic of dynamin I and are likely to perform plant-specific functions. ADL2A and ADL2B constitute the ADL2 subfamily. ADL2A is targeted to plastids (Kang Shin et al., 1998) , suggesting that it may function in chloroplast/plastid biogenesis and maintenance. ADL2B localizes to the constriction site of dividing mitochondria, and expression of a dominant-negative form resulted in the fusion and tubulation of mitochondria, indicating its involvement in mitochondria division (Arimura and Tsutsumi, 2002) .
The largest plant-specific dynamin subfamily consists of the 68-kD dynamin-related proteins: the ADL1 multigene family in Arabidopsis and phragmoplastin in soybean. The ADL1 gene family is composed of five highly related members, ADL1A to ADL1E . Localization studies have shown that phragmoplastin and members of the ADL1 family are associated with the developing cell plate during somatic and syncytial plant cytokinesis Verma, 1996, 1997; Lauber et al., 1997; Otegui et al., 2001) . Like other dynamins and dynaminrelated proteins (Nakayama et al., 1993; Hinshaw and Schmid, 1995; Zhang et al., 2000; Kim et al., 2001; Klockow et al., 2002) , phragmoplastin and ADL1A have been shown to polymerize into helical structures (Zhang et al., 2000; Otegui et al., 2001) . ADL1A rings were found to encircle constricted regions of "nonconventional" syncytial-type cell plates during endosperm cellularization in developing Arabidopsis seeds (Otegui et al., 2001) ; however, the function of these structures is unknown.
Previously, we isolated complete loss-of-function adl1A mutants . Analysis of these mutants confirmed that ADL1A is critical for normal embryogenesis, seedling development, and reproduction. Here, we describe the further characterization of ADL1A and another member of the ADL1 family, ADL1E, and demonstrate that these dynamin-related proteins are required for the de novo assembly and maintenance of the PM during cell plate formation and cell expansion. mutant seedlings was found to be dependent on exogenous metabolizable sugars (e.g., sucrose or glucose). However, ADL1A was not essential for further vegetative growth once the sucrose-rescued adl1A mutants became photosynthetically active. These observations suggested that another functionally redundant member of the ADL1 family could compensate for the loss of ADL1A. Consistent with this finding, RNA gel blot analysis demonstrated that ADL1A , ADL1C , and ADL1E , but not ADL1B and ADL1D , were expressed at similar levels throughout the plant, including roots, leaves, stems, and flowers (data not shown). However, further studies indicated that adl1C plants have a unique phenotype and that the gene is expressed in a cell type-specific manner distinct from the expression of ADL1A and ADL1E . These results are reported elsewhere (Kang et al., 2003) .
To examine the cell-and tissue-specific expression patterns of ADL1A and ADL1E , we generated transgenic plants that express translational fusion constructs containing either the ADL1A or ADL1E promoter and the bacterial ␤ -glucuronidase (GUS) reporter gene UID . The ADL1A and ADL1E promoter sequences used in the GUS fusion constructs were sufficient to control the expression of ADL1A ) and ADL1E (data not shown) genomic DNA for molecular complementation experiments. Progeny from eight independent ADL1-GUS transgenic plant lines were used for histochemical analysis of GUS activity (Figure 1 ). Untransformed lines and transgenic lines harboring GUS but lacking the ADL1 promoters did not show any GUS activity (data not shown).
ADL1A-GUS and ADL1E-GUS showed overlapping but distinct expression profiles during embryogenesis and plant development ( Figure 1 ). As early as the heart stage of development, ADL1A-GUS activity was detected in the suspensor and hypophysis (data not shown). At later stages of development, strong GUS staining was observed in ADL1A-GUS embryos, extending from the cotyledons into the hypocotyl procambium ( Figure  1A ). The ADL1A-GUS stain in the embryonic axis became progressively weaker toward the root tip, reappearing in the hypophysis. By contrast, ADL1E-GUS staining was observed in the cotyledons and weakly in the root tip ( Figure 1B ). After germination, however, both ADL1A-GUS and ADL1E-GUS were expressed in the root provascular tissue ( Figures 1C and 1D ). Strong ADL1A-GUS expression also was observed in the lateral and columella root cap cells ( Figure 1C ), which are derived from the hypophysis (Dolan et al., 1993) , whereas no staining was noted for ADL1E-GUS in the root cap ( Figure 1D ). Throughout early flower development, we observed weak GUS staining in the anthers and styles of ADL1A-GUS and ADL1E-GUS transgenic plants. However, the specialized epidermal cells of the stigma, known as papillae, exhibited strong ADL1A-GUS expression ( Figure 1G ). These cells serve as attachment sites for pollen and are required for successful fertilization (Thorsness et al., 1993) . As floral structures mature, the stigmatic papillae expand anisotropically and reach full length by the time of pollen sac dehiscence. ADL1A-GUS expression correlated with papillae elongation. GUS activity was observed only just before and during papillae elongation. No GUS staining was detected in the papillae after flower maturation and bud opening (data not shown). In contrast to ADL1A expression, ADL1E-GUS expression was not detected in expanding or mature papillae ( Figure 1H ).
Defective Anisotropic Expansion of adl1A

Stigmatic Papillae
Although sucrose-rescued adl1A mutants display normal vegetative growth, they are highly infertile as a result of a maternal sporophytic defect in the mutant flowers that severely inhibits fertilization . We reasoned that the maternal defect could result from problems in the mutant adl1A-2 carpel that would disrupt normal pollen tube germination and/or growth to the ovule. Thus, we reexamined gynoecium development in wild-type and adl1A-2 flowers by scanning electron microscopy. Based on morphological criteria, the development of Arabidopsis flowers is divided into 20 stages, beginning with the appearance of the floral primordium and ending with seed release (Smyth et al., 1990) . Stigmatic papillae are observed first in stage-11 or -12 unopened flowers, in which the sepals completely enclose the other three floral organs ( Figure 2A ). As the flower buds mature and undergo anthesis, individual papillae expand anisotropically ( Figure 2B ). Mature wild-type papillae have a flask-shaped appearance and are receptive to pollen grains. By contrast, the papillae of adl1A-2 flowers failed to elongate ( Figure 2C ) and frequently displayed abnormal isotropic expansion, giving rise to large, bloated cells ( Figure 2D ).
Before elongation, wild-type and adl1A-2 mutant papillae were densely cytoplasmic and appeared morphologically similar by thin section transmission electron microscopy (data not shown). As the flowers matured, wild-type and adl1A-2 papillae cells became more vacuolate and the number of Golgi stacks increased significantly. The vacuoles in wild-type papillae were consistently larger and occupied a greater proportion of the cell volume than in the adl1A-2 mutant.
The most prominent difference between wild-type and adl1A-2 papillae cells was in the appearance of highly elaborated PM infoldings during mutant flower maturation (Figure 3 ). Wild-type cells were devoid of abnormal ingrowths, with the PM being appressed to the cell wall throughout papillae expansion ( Figure 3A) . Minor infoldings and thickened cell walls were observed in the youngest mutant flowers examined (stage 11) and were located primarily near the distal region of the adl1A papillae ( Figures 3B and 3C ). By the time that flowers had opened and reached stage 15 of development, the ingrowths were found along the entire length of the cell, extending deep into the cytoplasm ( Figure 3D ). The PM elaborations at the base of the mutant papillar cells, near their junction with the style, were not as extensive as those observed at the distal tip of the mutant cells. In addition to the PM defects, the electron-dense cell wall material, which was present on the extracellular face of the PM in the papillae of young adl1A-2 flowers ( Figure 3B ), was absent in the mature mutant papillae ( Figure 3D ), suggesting that the wall material had been degraded or that its rate of synthesis had been reduced severely. Dark inclusions were present within the cell wall matrices of young adl1A-2 papillae ( Figure 3B ). Numerous Golgi stacks and possible secretory vesicles were observed near the PM of adl1A-2 papillae during flower maturation ( Figure 3D ). Thus, the accumulation of PM most likely represents a net gain of membrane in cells lacking ADL1A. 
adl1A Affects Leaf Trichome Biogenesis
In addition to the effect on the polarized growth of papillae, adl1A-2 plants display defects in the development of leaf trichomes (leaf hairs). Arabidopsis leaf trichomes are unicellular structures that initially expand out of epidermal precursors and then form three or four branches ( Figure 4A ). Initiation and expansion of the third branch are suppressed completely in adl1A mutant trichomes ( Figure 4B ). No defects were observed in the formation and length of the trichome stalk, the orientation of the initial two branches, the surrounding socket cell morphology, or the total leaf trichome density ( Figure 4C ).
The stages of trichome morphogenesis are approximately distributed (i.e., youngest to oldest) along the leaf surface in a base-to-tip direction (Hülskamp et al., 1994) . Consistent with a role for ADL1A in trichome morphogenesis, GUS activity was detected in developing leaf trichomes and socket cells of ADL1A-GUS plants. ADL1A-GUS staining of trichomes was observed only during the early stages of development and not in mature leaf trichomes ( Figure 1E ). ADL1E-GUS staining of developing trichomes was restricted to the socket cells of expanding trichomes ( Figure 1F ). These results suggest that ADL1A function may be more critical than ADL1E function for trichome expansion and branching.
Identification and Characterization of an adl1E
Loss-of-Function Mutant
In addition to displaying overlapping promoter expression patterns, ADL1A and ADL1E share significant amino acid sequence similarity ( Ͼ 80%) . To examine the role of ADL1E, we isolated an adl1E ::T-DNA insertion line ( adl1E-1 ) containing a T-DNA insert in the 14th exon ( Figure 5 ). Homozygous adl1E-1 plants showed no discernible phenotypes and were completely fertile. Immunoblot analysis of total Arabidop- sis seedling extracts from wild-type and adl1E-1 mutants using an anti-ADL1 GTPase domain-specific antibody (␣-GTPase) ) demonstrated that ADL1E encodes a 70-kD dynamin-related polypeptide and that adl1E-1 was a complete loss-of-function mutant. As shown in Figure 6A , ␣-GTPase recognized the 68-kD ADL1A polypeptide, which is absent in homozygous adl1A-2 mutants, and a 70-kD polypeptide in total protein extracts prepared from wild-type seedlings. Neither the 70-kD polypeptide nor any shorter ADL1E truncation products was detected in homozygous adl1E-1 plants (data not shown). AtCDC48 (Rancour et al., 2002) was used on immunoblots as a protein loading control.
ADL1E Is Associated with the Cell Plate during Cytokinesis
To compare the subcellular distribution of ADL1A and ADL1E, we analyzed their localization by indirect immunofluorescence microscopy. Because ADL1E-specific antibodies were unavailable, we examined the localization of ADL1E in developing adl1A-2 null mutant roots using the ␣-GTPase antiserum , which detects ADL1A and ADL1E ( Figure 6A ) but not ADL1C (Kang et al., 2003) . Expression of the 68-kD polypeptides encoded by ADL1B and ADL1D was not detected by the ␣-GTPase antiserum in homozygous adl1A-2 protein extracts ( Figure 6A , lane 3), as expected based on the lack of detectable ADL1B and ADL1D mRNA in wild-type plants (Kang et al., 2003) . Localization studies were performed in developing roots because of their high mitotic activity and amenability to processing for immunofluorescence microscopy. As shown previously , affinity-purified anti-ADL1A antibodies (␣-ADL1A) strongly labeled the division plane in wildtype cells during cytokinesis ( Figure 7A ). In homozygous adl1A-2 roots, we observed only weak background staining, as expected for a loss-of-function mutant (data not shown). Like ADL1A, ADL1E was found to be associated with the cell plate in dividing adl1A-2 root cells immunolabeled with the ␣-GTPase antiserum ( Figure 7B ). ADL1A and ADL1E also were found by immunofluorescence microscopy to be associated with punctate subcellular structures. However, in certain cells, ADL1A and ADL1E were associated with the cell surface ( Figures 7A, 7B , 7H, and 7I). Further analysis of the localization of ADL1A will be described below. The overlapping distribution of ADL1A and ADL1E in dividing and nondividing cells lends further support to our hypothesis that these proteins are functionally redundant.
Defective Embryo Development of adl1A-2 adl1E-1 Double Mutants
To examine the genetic interaction between ADL1A and ADL1E, we generated a line that was heterozygous for adl1A-2 and homozygous for adl1E-1 (ADL1A/adl1A; adl1E/adl1E). Upon self-fertilization, no homozygous adl1A/adl1A adl1E/adl1E (adl1A; E) double mutant seedlings were recovered. Morphological and PCR genotype analysis of the developing seeds from ADL1A/ adl1A; adl1E/adl1E plants confirmed that 25% of the progeny were homozygous embryo-lethal adl1A; E mutants ( Figure 5B ). Double mutant progeny were discernible from the phenotypically normal siblings by visual inspection of developing seeds ( Figure 5C ). Homozygous adl1A; E embryos were contained in pale developing seeds, which shriveled upon desiccation. Molecular complementation of the embryo-lethal defect of adl1A; E double mutants with genomic copies of ADL1A and ADL1E demonstrated that the phenotype was specific to the T-DNAinduced disruption of ADL1A and ADL1E (data not shown).
We compared the development of adl1A; E and phenotypically normal (ADL1A/adl1A; adl1E/adl1E or ADL1A/ADL1A; 8F ). Mutant cells above the hypophysis, which give rise to the vascular procambium as well as to cortical cell layers, failed to expand anisotropically along the apical-basal embryo axis ( Figure 8G , arrow), giving the mutant embryos a flattened and bloated appearance. At the heart stage, when wild-type embryos begin to assume their normal body plan by coordinated cell division and elongation, the mutant embryo phenotype became progressively more obvious ( Figures 8G to 8I) . The ordered cell files noted in wild-type embryos (Figures 8B to 8E) became increasingly disorganized in the adl1A; E embryos as they continued to develop. Unlike other embryo-defective mutants, such as knolle and keule, mature adl1A; E embryos were highly vacuolated ( Figure 8J ) and failed to germinate at maturity.
Loss of ADL1A and ADL1E Affects Cytokinesis and PM Morphology during Embryogenesis
adl1A; E embryos showed defects in cell plate formation. Analysis of plastic sections of developing adl1A; E embryos during the heart to late torpedo stages of development by bright-field microscopy revealed multinucleated cytokinesis-defective cells with partial and askew cell wall stubs ( Figure 9A ) in the rapidly dividing and expanding cotyledon protoderm (Mansfield and Briarty, 1991) . As in other cytokinesis-defective mutants (Söllner et al., 2002) , the cell wall stubs of adl1A; E protodermal cells were attached predominantly to one side of the cell with no stub on the opposing side. Cellularization of the syncytial endosperm also was affected in adl1A; E seeds. We have shown previously that ADL1A is associated with developing syncytialtype cell plates of endosperm (Otegui et al., 2001) . Cellularization of the syncytial Arabidopsis endosperm was initiated at ‫06ف‬ h after fertilization (late globular stage) and was fully cellularized by the torpedo stage (Mansfield and Briarty, 1990) (Figures 8C and 9B) . By contrast, the endosperms of seeds containing torpedo-and walking stick-stage adl1A; E embryos were highly amorphous ( Figures 8H, 8I , and 9A), suggesting that syncytial-type cell plate formation was affected in the mutants.
Transmission electron microscopy analysis of adl1A; E embryo cells showed cellular changes similar to those observed in adl1A mutant papillae ( Figures 9D to 9F ). At the torpedo stage, the PM of phenotypically normal sibling embryo cells was flat ( Figure 9C ), whereas the PM of mutant cells was irregular. The PM, cell wall stubs, and new cross walls of adl1A; E were broad and translucent ( Figures 9D to 9F ). As shown in Figure 9G , the abnormal cell walls of adl1A; E embryos were characterized by the ectopic deposition of callose. When sections of mutant and wild-type embryos were stained with the UV light fluorescent callose binding dye aniline blue, we observed strong fluorescence in the cell walls of adl1A; E embryos ( Figure 9G ) but not (A) Scheme of the deduced exon/intron structure of ADL1E. Black boxes and lines (drawn to scale) represent exons and introns, respectively. ATG and TGA signify the positions of the translation initiation and termination codons, respectively. The position and orientation of the T-DNA insert (not drawn to scale) in adl1E-1 is shown. Kan, T-DNA neomycin phosphotransferase selectable gene marker; T L , T-DNA left border. (B) Genotypic analysis of the wild type and the adl1A-2, adl1E-1, and adl1A; E mutants. Total DNA was prepared from leaves (lanes 1 to 4) or isolated embryos (lanes 5 to 7) and analyzed by PCR using ADL1A-specific (A), adl1A-2-specific (a), ADL1E-specific (E), and adl1E-1-specific (e) primer sets. 7) were generated from plants and embryos isolated from self-fertilized heterozygous ADL1A/adl1A-2; ADL1E-1/adl1E-1 plants. (C) Portion of an immature silique (10 to 12 days after flowering) from an ADL1A/adl1A-2; adl1E-1/adl1E-1 plant. Genotypic analysis of genomic DNA prepared from six independent embryos isolated from the pale developing seeds (asterisk) indicated that they were homozygous adl1A; E double mutants, as shown in lane 7 of (B). Bar ϭ 500 m.
wild-type embryos ( Figure 9H ). Consistent with the mutant phenotype, callose accumulation was highest in the cotyledon protoderm ( Figure 9G ). No defects in mitochondria, chloroplast, nuclei, or ER morphology were detected in the cells of heartand torpedo-stage mutant embryos. These observation suggest that adl1A; E mutant embryos have defects in PM and cell wall formation and maintenance.
Polarized Localization of ADL1A in the PM of Root Cells
To further examine the role of ADL1A in de novo PM biogenesis and maintenance, we generated transgenic plants expressing an ADL1A-mGFP5 fusion protein. Previous studies have shown that overexpression of an N-terminal green fluorescent protein (GFP)-phragmoplastin fusion protein resulted in abnormal cell plate formation in transgenic tobacco suspension-cultured cells (Gu and Verma, 1997) . Therefore, ADL1A-mGFP5 was expressed under the control of its native promoter in homozygous adl1A plants. The ADL1A-mGFP5 construct rescued all of the phenotypic defects associated with homozygous adl1A-2 mutants, demonstrating that the ADL1A-mGFP5 fusion protein was functional (data not shown). Immunoblot analysis of protein extracts prepared from ADL1A-mGFP5 seedlings confirmed that the 96-kD fusion protein was intact and expressed at levels comparable to those of native ADL1A in wild-type plants ( Figure 6B ). The distribution of ADL1A-mGFP5 in chemically fixed roots ( Figure 7C ) was very similar or identical to that observed for ADL1A ( Figures 7A, 7H , and 7I) by whole-mount in situ immunostaining. ADL1A-mGFP5 was found to be associated predominantly with the developing cell plate during cytokinesis (Figures 7C to 7G ; see also supplemental data online). In addition, ADL1A-mGFP5 expression was observed in all cells of the root cap, the root transition zone (also referred to as the distal elongation zone), and the elongation zone (Figures 7D  to 7G ; see also supplemental data online). No signal was observed in the root quiescent center ( Figure 7G, arrow) . Consistent with the expression profile of ADL1A-GUS ( Figure 1A) , the highest level of ADL1A-mGFP5 and ADL1A expression was in the vascular procambium ( Figures 7G and 7H ).
ADL1A and its soybean homolog, phragmoplastin, were shown previously to associate with small punctate intracellular structures in nondividing cells processed for indirect immunofluorescence microscopy (Gu and Verma, 1996; Kang et al., 2001) (Figures 7A, 7H , and 7I). By contrast, ADL1A-mGFP5 fluorescence strongly labeled the cell surface and exhibited diffuse cytoplasmic staining in most living root cells (Figures 7D to  7G ; see also supplemental data online), suggesting that the distribution of ADL1A is affected by chemical fixation. Indeed, we observed a significant reduction in the intensity of cell surface-associated ADL1A-mGFP5 and the appearance of bright punctate intracellular structures similar to those observed by indirect immunofluorescence microscopy in ADL1A-mGFP5 seedlings fixed with 4% (w/v) paraformaldehyde ( Figure 7C ). Consistent with these results, ADL1C and ADL1E were identified recently in purified Arabidopsis leaf cell PM fractions by two-dimensional gel electrophoresis and mass spectroscopic analysis (Santoni et al., 2000; M.R. Sussman, personal communication) .
The distribution of PM-associated ADL1A-mGFP5 in living root cells was found to be nonuniform and varied depending on root cell identity. In the cortex and endodermis, ADL1A-mGFP5 was localized preferentially to the transverse cell surfaces (Figures 7D to 7F ; see also supplemental data online). Very strong labeling of the transverse surfaces of cell files within the vascular procambium of the root transition zone was observed in living cells ( Figure 7G ) and fixed cells processed for immunofluorescence microscopy ( Figures 7A and 7H ). In the epidermal cell files of the elongation zone, ADL1A-mGFP5 and ADL1A labeling was associated asymmetrically with the outer tangential cell surface (Figures 7F and 7I ; see also supplemental data online)
Time-lapse imaging of growing roots that express ADL1A-mGFP5 revealed additional information about the dynamic distribution of ADL1A during cell plate development and new cell surface maturation. In dividing root cells, cell plates were observed frequently to be asymmetric, as described previously (Cutler and Ehrhardt, 2002) , making initial contact with one side of the parental cell and then extending to the opposite side (see supplemental data online). ADL1A-mGFP5-specific fluorescence extended the length of the cell plate and was strongest at the leading edge(s). After fusion with the parental PM, the level of ADL1A-mGFP5 in the new cell surface gradually declined to basal levels ‫03ف(‬ to 40 min after the completion of cytokinesis). In dividing epidermal root cells within the expansion zone, we observed a significant decrease in ADL1A-mGFP5 signal in the outer tangential surface PM during cell plate as- sembly (Figure 7F , arrow; see also supplemental data online), suggesting that the localization of ADL1A is dynamic and that it is redistributed during division to the developing cell plate. The polarized cell surface distribution of ADL1A, its persistence in newly formed cell surfaces, and the defects observed in the PM of rapidly expanding adl1A papillae suggest a role for ADL1A in membrane recycling.
DISCUSSION
ADL1A has been localized to conventional cytokinetic and syncytial-type endosperm cell plates Otegui et al., 2001 ). Here, we show that ADL1A and another member of the ADL1 protein family, ADL1E, are functionally redundant and are essential for cell plate assembly. Cytokinesis-defective adl1A; E embryonic cells are multinucleate, often with cell wall stubs, indicative of arrested cell plate formation (Nacry et al., 2000) . The cell stubs observed in the adl1A; E embryos likely are caused by a disruption in the assembly of asymmetrically oriented cell plates that we and others have observed (Cutler and Ehrhardt, 2002 ) (see supplemental data online). Endosperm cellularization, which is mediated by syncytial-type cell plates (Otegui et al., 2001) , also is disrupted in mutant seeds. In addition to cytokinesis defects, cells of adl1A; E embryos fail to expand anisotropically and have distorted PM and cell walls. In marked contrast to knolle, keule, and several other recently identified Arabidopsis seedling-defective cytokinesis mutants (Assaad et al., 1996; Lukowitz et al., 1996; Söllner et al., 2002) , adl1A; E mutant seeds fail to germinate. The defects observed closely match those in cyt1, an embryo-lethal cytokinesis-defective Arabidopsis mutant, and in embryos treated with the herbicide 2,6-dichlorobenzonitrile, both of which affect cellulose biosynthesis (Vaughn et al., 1996; Nickle and Meinke, 1998; Lukowitz et al., 2001 ). Therefore, adl1A; E embryo lethality may be related to more general problems in cell wall and PM integrity than defects in cell plate biogenesis. Similar defects in cell wall and PM structure were observed in adl1C mutant pollen grains, which collapse and arrest during desiccation (Kang et al., 2003) . Together, these results support a vital role for the ADL1 family in PM maintenance and cell wall integrity in various developmental processes in Arabidopsis.
ADL1-Mediated Membrane Dynamics Is Required for Cell Expansion
During flower development, adl1A stigmatic papillae failed to expand anisotropically and accumulate PM in the mutant cells ( Figures 3B to 3D ). Morphometric studies have estimated that Ն75% of the total membrane incorporated into the PM of an expanding cell or cell plate during cytokinesis is recycled (Samuels and Bisalputra, 1990; Battey et al., 1999; Otegui et al., 2001 ). The phenotypes of adl1A papillae and adl1A; E embryos are consistent with a role for ADL1A in endocytic membrane recycling from the rapidly expanding cell surface and the developing cell plate in wild-type cells.
Membrane invaginations, similar to those observed in adl1A mutants, accumulate in the neurons and epithelial cells of the (F), (B) and (G), (C) and (H), and (D) and (I) are sibling pairs from the same silique. Developmental stages relative to the wild type (Goldberg et al., 1994) Drosophila mutant shibire ts , a temperature-sensitive dynamin mutant required for the clathrin-mediated and non-clathrindependent endocytic process . Clathrincoated vesicles have been shown to be associated with the developing cell plate and PM in plants (Samuels et al., 1995; Holstein, 2002) . ADL1A, however, lacks the critical pleckstrin homology and SH3 domain binding Pro-rich domains required for the interaction of mammalian dynamins with components of the clathrin-dependent vesicle-budding machinery. It remains to be determined whether ADL1A functions directly in membrane recovery from the PM and, if so, whether this process is a clathrin-dependent or clathrin-independent process. Other plant dynamin-like proteins, including a cell plate-associated plant dynamin that is related closely to animal dynamin I (Verma, 2001) , may be required for clathrin-dependent membrane recycling.
How defects in ADL1A-mediated PM dynamics affect polarized plant cell expansion is not understood. The direction of plant cell expansion, which is driven by turgor pressure, is thought to be determined by the localized deposition of membrane and cell wall material, via fusion of exocytic vesicles, and the loosening of cell wall polymers (Kropf et al., 1998) . As suggested previously, exocytosis and endocytosis in plant cells are highly interdependent processes (Battey et al., 1999) . The abnormal proliferation of the PM in the absence of ADL1A could disrupt the targeting and fusion of exocytic vesicles to the cell surface, thereby disrupting cell wall biosynthesis, which is necessary for polarized expansion. In addition, the loss of ADL1 function may affect either directly or indirectly the organization of the cortical microtubule and/or actin microfilaments, which also play a major role in plant cell shape determination (Kropf et al., 1998) . In this regard, it is interesting that adl1A trichomes ( Figure 4B ) phenotypically resemble those of the Arabidopsis trichome-branching mutant zwichel, which fails to form the distal pointing branch. ZWICHEL encodes a kinesin-like Ca 2ϩ /calmodulin-regulated motor protein that may function in intracellular membrane transport and/or in the reorganization of the microtubule cytoskeleton required for the establishment and polarized expansion of trichome branches (Oppenheimer et al., 1997) . However, recent studies in mammalian cells have demonstrated that dynamins link cellular membranes to the actin cytoskeleton and regulate a variety of actin-dependent membrane processes, including membrane protrusion, tubulation, and endocytosis (Ochoa et al., 2000; Lee and De Camilli, 2002; Orth et al., 2002) . Consistent with this finding, we have demonstrated that the asymmetric localization of ADL1A-mGFP5 in root cells was disrupted by an actin antagonist (B.-H. Kang and S.Y. Bednarek, unpublished data) . Further work is necessary to establish the role of ADL1 proteins in microtubule-and/or actin microfilament-dependent membrane processes.
The progressive loss of morphologically normal cell wall material observed during adl1A papillae maturation likely is a consequence of defective ADL1A-mediated PM dynamics (cf. Figures  3C and 3D ). Failure to recycle, localize, or regulate hydrolytic enzymes involved in cell wall biosynthesis, such as KORRI-GAN, a PM-associated endo-1,4-␤-D-glucanase (Nicol et al., 1998 ) required for normal cell wall biosynthesis and cell plate formation (Nicol et al., 1998; Zuo et al., 2000) , could lead to the degradation of the existing extracellular matrix. Callose deposition at the cell surface and in the developing cell plate also is affected in adl1 mutants. Similar to the cyt1 mutation, which affects N-linked glycosylation and thereby cell wall biosynthesis (Nickle and Meinke, 1998; Lukowitz et al., 2001) , the accumulation of callose in the adl1A; E embryos may be an indirect "stress" response to the loss or improper synthesis of the extracellular matrix. However, callose not only accumulates in response to defects or injury to the cell wall; it also is synthesized normally during the process of cell plate biogenesis.
Callose deposition within the developing somatic and syncytial-type cell plates precedes cellulose biosynthesis and is thought to help drive the spreading and stabilization of the cell plate membrane system (Samuels et al., 1995; Otegui and Staehelin, 2000) . As the cell plate matures and fuses to the parental cell surface, callose is replaced gradually by cellulose. Callose synthase is localized at the cell plate, and its activity is regulated by the ADL1A homolog phragmoplastin (Hong et al., 2001; Verma, 2001) . These data suggest that ADL1A may control the activity of the callose synthase complex within the cell plate and PM, thereby affecting cell plate maturation and cell wall synthesis. Indeed, one possible role for the ADL1A rings that constrict membrane tubules in the syncytial-type cell plate (Otegui et al., 2001 ) is to regulate the localized deposition of callose within the developing tubular network. Defects in the proper localization and activity of callose synthase complexes would be expected to block syncytial cell plate maturation and thus endosperm cellularization, as we have observed in adl1A; E seeds.
A Role for ADL1A in Asymmetric PM Protein Localization?
In nondividing, subcortical, root transition zone cells, ADL1A was localized asymmetrically in the transverse surfaces (i.e., surfaces that do not undergo significant expansion after their formation). Based on its persistence in these surfaces, we propose that ADL1A-mediated membrane dynamics also is essential for the maintenance of the proper protein and lipid compositions of biochemically distinct PM subdomains in polarized plant cells. During cytokinesis, exocytic membrane trafficking appears to be polarized toward the division plane, resulting in the localization of cell cycle-specific and constitutively synthesized PM proteins and cell wall precursors to the cell plate (for review, see Bednarek and Falbel, 2002) , including PIN1 (Geldner et al., 2001 ). PIN1, a PM protein required for the vectoral transport of auxin through the plant, is associated asymmetrically with the basal (toward the shoot) end of cells in the vascular tissue. Therefore, PIN1 would need to be removed from the apical surface of the new daughter cell after cytokinesis and delivered to the basal side to maintain its polar localization. Consistent with this notion, polar localization of PIN1 has been shown to be maintained by actin-dependent membrane trafficking between the PM and an endocytic compartment, a process that is blocked by the polar auxin transport inhibitor naphthylphthalmic acid (Geldner et al., 2001) . Biochemical studies using immobilized naphthylphthalmic acid affinity chromatography recently implicated ADL1A and several other proteins involved in vesicular trafficking between the trans-Golgi, the PM, and the endocytic compartment (Murphy et al., 2002) in PIN1 localization. In addition, ADL1A function may be required for the polar localization of other recently identified, asymmetrically distributed, PMassociated proteins and cell wall polysaccharides (Freshour et al., 1996; Schindelman et al., 2001; Friml and Palme, 2002) . Further genetic and biochemical characterization of ADL1A and interacting proteins should advance our understanding of the involvement of ADL1 in membrane dynamics during division and plant cell expansion.
METHODS
General Reagents
Enzymes for the manipulation of nucleic acids were purchased from New England Biolabs (Beverly, MA) or Pharmacia Biotech (Piscataway, NJ), unless indicated otherwise. All other reagents, unless specified, were from Sigma Chemical (St. Louis, MO).
Oligonucleotides Used in This Study
Oligonucleotide sequences shown in Table 1 were synthesized by Integrated DNA Technologies (Coralville, IA). Lowercase letters in the oligonucleotide sequences indicate added restriction sites used for cloning.
Plant Transformation Vector Construction
To generate ADL1 promoter-␤-glucuronidase (GUS) fusion vectors, the bacterial UIDA (GUS) gene (Jefferson et al., 1987) and the nopaline synthase terminator from pBI121 (Clontech, Palo Alto, CA) were subcloned into the EcoRI-HindIII sites of pPZP211 (Hajdukiewicz et al., 1994) and designated pBK08. The ADL1A (2019 bp upstream of the ADL1A start codon) and ADL1E (1955 bp upstream of the ADL1E start codon) promoter regions were amplified by PCR from BACs MJC20 (Kotani et al., 1997) and T209 (Mozo et al., 1998) using primer pairs SB46-SB47 and SB248-SB249 and subcloned into pBK08 to generate pBK16 and pBK20, respectively. For the ADL1A-mGFP5 fusion construct, the coding sequence of mGFP5 (Siemering et al., 1996) was amplified by PCR from pAVA393 (kindly provided by A. von Arnim, University of Tennessee, Knoxville) with primer pair SB258-SB259 and cloned into pPZP211 (Hajdukiewicz et al., 1994) using EcoRI-SacI sites (pBK22). The ADL1A promoter (1554 bp upstream of the ADL1A start codon) and cDNA fusion construct were subcloned into pBK22 as a HindIII-XhoI fragment to generate the C-terminal ADL1A-mGFP5 translational fusion expression vector pBK32. For molecular complementation of adl1A/adl1A adl1E/adl1E embryo-defective seeds, a 9.7-kb EcoRI fragment of BAC T209 containing ADL1E and ‫4ف‬ kb of the 5Ј putative promoter and the 3Ј untranslated DNA was cloned into the modified pPZP221 (Hajdukiewicz et al., 1994) binary transformation vector pPZP221-B ) to generate pBK04.
Plant Material and Growth Conditions
Wild-type and syngenic adl1E-1 Arabidopsis thaliana ecotype Wassilewskija, isolated from the University of Wisconsin-Madison T-DNA knockout collection (http://www.biotech.wisc.edu/Arabidopsis/) of independent T-DNA-tagged mutant lines (kanamycin resistant), were grown as described by Kang et al. (2001) . ADL1A/adl1A; adl1E/adl1E plants were isolated from the F2 progeny of a cross between homozygous adl1E-1 and heterozygous adl1A-2 plants. Wild-type Wassilewskija and mutants were transformed using the Agrobacterium tumefaciensmediated floral-dip method (Clough and Bent, 1998) . Transgenic plants transformed with pBK16, pBK20, and pBK32 were selected on solidified (0.6% phytoagar) Murashige and Skoog (1962) medium (Gibco BRL, Rockville, MD) containing 40 g/mL kanamycin. Wild-type transgenic lines containing pBK32 were crossed to homozygous adl1A-2 mutants to generate the homozygous adl1A-2 line expressing ADL1A-mGFP5. To test for molecular complementation of adl1E-1, pBK04 was transformed into ADL1A/adl1A; adl1E/adl1E plants and transgenic lines were selected for growth on Murashige and Skoog medium containing 20 g/mL glufosinate (Crescent Chemicals, Hauppauge, NY). Total protein isolation and immunoblot analysis were performed as described previously .
Immunoblot Analysis
For preparation of total protein extract from wild-type, adl1A-2, adl1E-1 plants and transgenic lines expressing ADL1A-mGFP5, ‫05ف‬ mm 2 of rosette leaf tissue was homogenized in 100 L of SDS-PAGE sample buffer (Laemmli, 1970) and incubated at 95ЊC for 5 min. The samples were cleared of insoluble debris by centrifugation at 16,100g for 5 min at room temperature, and 10 L of the supernatant was resolved on a 7.5% (w/v) SDS-polyacrylamide minigel and analyzed by immunoblotting as described ) with anti-ADL1 GTPase domainspecific (␣-GTPase) and ␣-ADL1A antibodies. To analyze the expression and intactness of ADL1A-mGFP5, total protein extracts were resolved on a 12.5% (w/v) SDS-polyacrylamide minigel and immunoblotted with ␣-GFP antibodies. Before immunoblotting, the membrane was analyzed by Ponceau S staining to confirm equal protein loading. GFP antiserum was a generous gift from R. Vierstra (University of WisconsinMadison). Affinity-purified polyclonal ␣-AtCDC48 (Rancour et al., 2002) , ␣-ADL1A, and ␣-GTPase antibodies were generated and used as described. Donkey anti-rabbit IgG horseradish peroxidase was purchased from Amersham Life Sciences (Arlington Heights, IL). Detection by the enhanced chemiluminescence protein gel blot detection system (Amersham Pharmacia Biotech) was performed according to the manufacturer's instructions.
Histochemical Localization of GUS Expression
Tissues from T2 transgenic embryos, seedlings, and plants containing either pBK16 or pBK20 were rinsed with 50 mM sodium phosphate buffer, pH 7.0, and vacuum infiltrated in the presence of the staining solution (1.0 mM 5-bromo-4-chloro-3-indolyl-␤-D-glucuronic acid, 2.5 mM 
Bright-Field Microscopy and Transmission Electron Microscopic Analysis
Transmission electron microscopic analysis of developing stigmatic papillae cells was performed on Wassilewskija wild-type and homozygous adl1A stage-11 to -16 (Smyth et al., 1990) flower buds that were fixed in 5.0% (w/v) glutaraldehyde and processed and analyzed as described ). For analysis of developing embryos, siliques were fixed in 2% (w/v) glutaraldehyde (Ted Pella, Redding, CA), 2% (w/v) paraformaldehyde (Ted Pella), 100 mM Hepes, pH 7.2, and 0.05% (v/v) Tween 20 for 2 h under vacuum at room temperature. The samples were rinsed thoroughly with 100 mM Hepes, pH 7.2, postfixed with 2% (w/v) OsO 4 for 2 h at room temperature, and embedded in Spurr's resin as described . Thin sections (60 to 80 nm) were cut with a ReichertJung Ultracut model E microtome (Vienna, Austria), and images were made using a Philips CM120 scanning transmission electron microscope (Eindhoven, The Netherlands). For bright-field microscopy, semithin sections ‫5.1ف(‬ m) of double mutant embryos were cut and stained with toluidine blue O as described previously . For scanning electron microscopy, flowers and trichomes were fixed, attached to stubs, dissected as needed, and coated as described ).
Epifluorescence Imaging
For indirect immunofluorescence microscopy, 5-day-old seedlings were washed once with 50 mM PIPES-KOH, 5 mM EGTA, and 5 mM MgSO 4 , pH 7.0 (MTSB), and incubated in MTSB containing 4% (w/v) formaldehyde (Ted Pella) for 1 h under vacuum at room temperature. Fixed seedlings were washed three times with MTSB and incubated in 2% (w/v) driselase in phosphate buffer saline, pH 7.4, to digest cell walls. Root tissues were dissected from seedlings and mounted on glass slides. Root tissues were incubated in permeabilization buffer (MTSB containing 10% [v/v] DMSO and 3% [v/v] Nonidet P-40) for 1 h at room temperature and transferred to blocking buffer (3% [w/v] BSA in MTSB [BSA/MTSB]). After blocking for 1 h at room temperature, root tissues were incubated in affinity-purified rabbit ␣-GTPase or rabbit ␣-ADL1A antiserum diluted with blocking buffer for 2 h at 37ЊC. The primary antibodies were detected with fluorescein isothiocyanate-conjugated or Cy3-conjugated secondary goat anti-rabbit antibodies (Jackson ImmunoResearch, West Grove, PA) diluted to 6.25 or 4.5 g/mL, respectively, in BSA/MTSB for 1 h at 37ЊC. Samples were counterstained with 10 mM propidium iodide for 10 min at room temperature to visualize nuclei. Live cell imaging of ADL1A-mGFP5 in roots was performed on 3-day-old seedlings grown on solid Murashige and Skoog medium supplemented with 1% (w/v) sucrose. Confocal imaging was performed with a Zeiss Axiovert 100M inverted microscope equipped with a Bio-Rad MRC1024 laser scanning unit and a ϫ63 (numerical aperture, 1.4) PlanAPOChroma oil-immersion objective lens. For callose detection, developing siliques were fixed and washed as described above (without OsO 4 postfixation) and embedded in LR White resin (Ted Pella) according to the manufacturer's instructions. Threemicrometer samples were affixed to poly-Lys-coated slide glass with heat and stained with aniline blue solution (100 g/mL in 0.1 M K 3 PO 4 , pH 12.0) for 20 min at room temperature. Callose-aniline blue complexes were visualized by UV light epifluorescence microscopy (excitation filter, 355 nm; dichroic mirror, 400 nm; emission filter, 420 nm) using a ϫ20 Plan Neofluor (Carl Zeiss) dry objective lens.
All images were processed using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) and/or ImageJ 1.28v (National Institutes of Health; http://rsb.info.nih.gov/ij/) imaging software on MacIntosh computers (Apple Computer, Cupertino, CA).
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